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DEEP UV LASER INTERNALLY INDUCED DENSIFIC ATION IN SILICA 

GLASSES 

This application claims priority from, and incorporates by reference herein, 
5 provisional U.S. patent application 60/1 56,737 filed September 30, 1 999. 

R ACKGROT TND OF THE INVENTION 

The present invention relates to methods for efficiently forming optical devices 
10 in glass utilizing deep UV light (<300nm). Specifically, the invention relates to direct- 
write methods of forming light guiding structures in glass compositions through light- 
induced refractive index changes. The invention also relates to the optical devices 
made by the direct-write methods. The invention also relates to bulk glass substrate 
bodies in which densified waveguides can be directly and efficiently written. 
1 5 Optical devices such as optical waveguides and Bragg diffraction gratings are 

widely known in the telecommunications field. In an optical waveguide, a higher 
refractive index core surrounded by a lower refractive index cladding guides light and 
can transmit a large amount of optical information over long distances with little signal 
attenuation. The optical waveguide fiber is the prototype device of this type. The fiber 
20 is produced by a method that, by virtue of its fabrication from different material core 

glasses and different material cladding glass with high and low refractive indexes, gives 
the proper waveguiding structure. A Bragg grating is another type of an optical device 
that can be used to filter and isolate a narrow band of wavelengths from a broader 
signal. The most common materials used commercially in telecommunications 
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applications of light guiding devices are doped silica-based composes such as 
germania doped silica core and pure dry hydroxyl-ftee silica clad. 

It is known that laser sources can be used to effect both index changes and to 
produce physical damage in glass. With regard to the former, the use of a pulsed UV 
radiation laser source for writing Bragg gratings in germania doped silica core fibers , 
known Recently, a "direct-wri.e" laser method of forming optical waveguides within a 
gtass volume that is transparent to the wavelength of a femtosecond laser has been 
disclosed. In this method, a 120 fs < pulsed 810-nm laser is focused within a pohshed 
piece of silica as the g.ass is translated perpendicular to the incident beam through the 
focus. Increases in refractive index on the order of 10" were reported for a specific 
condition in which the focus was scanned ten times over the exposed area. 

One potential problem with a direct write process of forming waveguides m 
bulk glass using short-pnlse focused lasers is over-exposure, Irradiation with too much 
energy can lead to physical damage in the glass. Physical damage and break down of 
the glass results in undesired attenuation of optical signals transmitted through the 
glass. 

Another problem in direct write methods of making optical structures relates to 
the trade-off between the dimensional stability of the writing device, e.g., the laser, and 
the energy necessary to induce the desired refractive index change in the substrate 

20 material. 

To make the laser direct-write method industrially practical, changes m the 
refractive index of a material must be achieved in a reasonable amount of writing time. 
There continues to be a need for a practical direct write method of creating silica-based 
optical devices having a sufficiently increase refractive index at an acceptably high 
25 write rate. Such a method could be used to write continuous light-guiding waveguide 
patterns connecting any two points within a continuous block of a suitable matenal, or 
make other optical devices, such as Bragg gratings. 

Silica-germania is often used as a material whose index can be altered with 
light In the photosensitive response of germania doped silica, Reloading is typically 
30 employed as a method to increase the response of the glass. In that situation, the 
mechanism of index increase is by color center formation mechanism, through the 
Kramer-Kronig relationship. The use offloading introduces logistical 1S sues, 
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including time required to load with H 2 . for bulk materials, in particular, the time to 
impregnate H 2 at a temperature low enough that the H 2 does not react with the material, 
becomes prohibitively long. For example, a 3-mm thick piece of a silicate glass takes 
36 days to load at 150°C. Once having gotten the H 2 into the material, the storage of 
pieces containing H 2 becomes an issue, although for bulk material this is less of an 



issue. 



The increase in refractive index through densification offers advantages in 
material handling in that H 2 loading is not necessary. Hydrogen loading may be 
practical for small dimensional glass structures such as optical fibers and thin planar 
10 layers where hydrogen can be readily diffused in, it is impractical for three dimensional 
addressing and writing in the interior of larger glass bodies because of the problems and 
difficulties in diffusing the hydrogen deep inside the glass body interior and absorption 
properties of the glasses. Another potential advantage of the invention is that thermal 
stability of a feature written using H 2 -loaded silica-germania typically undergo a 
1 5 thermal anneal at low temperature, during which the grating is "fixed." This thermal 
anneal decreases the efficiency of the grating by about 30% but helps to insure that 
further changes in efficiency are minimized. The inventive utilization of the 
densification mechanism yields a feature that needs no thermal treatment for "fixing" 
and is generally more thermally robust in that features remain in the piece even at 
20 several hundred degrees, while providing writing deep into the interior of glass bodies 
that have depths from their surface that can be greater than 2 cm. 

It is known that sustained high-energy radiation and laser exposure of high 
purity fused silica such as with excimer laser microlithography systems where laser 
beam exposure can produce a measurable densification effect in fused silica optical 
25 elements. 

SUMMARY THK INVENTION 
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It is an object of the invention to provide improved direct-write methods of 
forming light guiding structures within a silica-based material substrate. In particular, 
it is desired to internally and efficiently write three-dimensional light guiding structures 
in glass, such as waveguides and gratings. A focussed deep UV (< 300 nm) laser beam 
is translated through the interior of a large dimension glass body to form densified glass 
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waveguiding core structures through the glass interior with the densified glass 
waveguiding core structures able to traverse the glass body in three dimensions ,n 
multiple directions, through multiple planes and to ntultiple exterior surfaces of the 

glass body. ? 
The inventive method includes internal direct write densification formation of 

waveguide cores within large glass bodies tha, have depths from the glass surface to the 

glass body interior of a. leas. 1 cm, preferably a, least 2 cm, preferably at leas. 3 cm, 

and most preferably a. leas. 4 cm. The invention includes making optica, wavegf.de 

devices in mree dimensional glass bodies wi.h direc. written densified waveguide cores 

wi.h i„.enor non-surface corepath parts ,ha. are a, leas. 1 cm, preferably a. leas, 2 cm, 

preferably a. leas. 3 cm, and mos. preferably a. leas. 4 cm away from .he extenor 

surfaces of the glass body . 

It is a further object of the invention to provide method of writing optical 

structures in silica-based materials. 
, 5 m accordance with one aspect of the invention, i. has been discovered mat soft 

silica-based materials exhibit increased sensitivity to laser writing of optical structures 

in the bulk. 

In accordance with another aspect of the invention, a method is provided to 
directly write light guiding structures in glass using lasers with substantially no 

20 physical damage of the glass. 

In accordance with another aspect of the invention, a method is provided to 
write three dimensional optical structures in silica-based bulk glass. Specifically, the 
invention provides for translating the refractive index-increasing focus of a laser 
through a silica-based substrate in the x, y, and z-dimensions. 
25 In accordance with still another aspect of the invention, a variety of optical 

devices are disclosed which incorporate optical structures made by the methods 
described herein. The invention includes selectively densifying traced internal volume 
regions within a larger bulk volume of a soft (annealing point < 1350°K) silica glass 
with a < 300 nm deep UV laser beam focus to form densified optical wave g u,de core 
30 tunnels. 

These and other aspects of the invention will become apparent to those skilled 
in the art in light of this disclosure. 



5 



RRTF.F DESC RIPTION OF T HF, DRAWINGS 

FIG 1(A) and FIG. 1(B) show the positioning of the incident laser beam 
5 relative to the scan direction in the top-write and axial-write orientations, respectively. 
FIG. 2(A) and FIG. 2(B) show the scanning beam profile and a waveguides 
cross-sectional shape in the top-write and axial orientations, respectively. 

FIG. 3(A) and FIG. 3(B) are perspective views of the top-write arrangement of 
directly writing three dimensional optical devices in bulk glass. 
10 FIG. 4 shows densification as a function of exposure for glasses exposed to 

laser radiation (y-axis DENSIFICATION) (x-axis DOSE) 

FIG. 5 shows the vacuum UV transmittance vs. wavelength for glasses used in 

the invention. 

FIG. 6 is a plot of the 193 nm excimer laser induced AP/P vs. DOSE for silica 
1 5 glasses in accordance with the invention. 

FIG 6A is an enlargement of part of FIG. 6. 

FIG. 7 is a plot of densification (natural log of prefactor a) vs. softness of the 
glass (reciprocal of the annealing point). 

FIG. 8 is a scheme for less than 300nm laser exposure. 
FIG. 9(A)-(E) show optical devices made in accordance with the invention. 
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pjjvaLEIL2ESC^ PTfnN QF THE ME™QN 

The direct-write method of forming light guiding structures in a soft silica glass 
bulk substrate according to the invention includes the steps of selecting a substrate 
made from a silica-based material in which the light guiding structure is to the written, 
focusing a < 300 nm UV laser beam to a focus at an internal position within the 
substrate effective to densify the focused-on material and translating the substrate and 
focus with respect to one another to form a scanned path light guiding structure within 
the substrate along the densified glass scan path. The X < 300 nm laser beam 
selectively densified scan path within the glass body has an increased refractive index 
that is cladded by the surrounding lower original refractive index of the un-densified 
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glass that has not been focused-on. The densifying of the glass is preferentially 
produced through two-photon absorption and is dependent on the square of the intensity 

of the focused laser beam. 

Focusing of the laser beam significantly increases the peak intensity of the beam 
5 compared to an unfocused beam. The high intensity of the focused beam densifies the 
glass and induces an increase in the refractive index of the glass along the densified 
glass path traced by the beam focus as it is translated through the silica glass sample. 
The resulting path region of increased refractive index densified glass can guide light 
and therefore can function as an optical waveguide path cladded by its surrounding 

1 0 undensified neighbor glass. 

A "top densification writing" method results from translating the sample in a 
direction 13 that is substantially perpendicular to the densifying incident beam, as 
shown in FIG. 1(A). An "axial writing" method results from translating the sample in a 
scan direction 13 that is substantially parallel to the incident beam, as shown in FIG. 
1 5 1 (B). As the skilled artisan will readily appreciate, top-writing may also be 

accomplished by translating the sample in just the x-direction, just the y-direction, or 
both the x-direction and y-direction simultaneously. 

When the top-write focus is translated through the sample in the scan direction, 
a generally ellipsoid a cross-section of the waveguide may be formed. When the axial- 
20 write focus is translated through the sample in the scan direction, a generally circular 
cross-section of the waveguide often results. Accordingly, axially-written waveguides 
are generally preferred in order to produce waveguides having substantially circular 
cross-sections. Top-writing may be desired in order to write continuous linear 
waveguides longer than the focal length of the focusing lens. 
25 The ability to write three-dimensional waveguides in a sample using the present 

direct-write method is described further with reference to FIG. 3(A) and 3(B). The 
laser beam 2 can be focused by a lens 5 to a focus 3 positioned within glass sample 4. 
Translation of the sample in the x-, y-, and z-directions from a first position (x,, y,, z.) 
at depth D, to a second position (x 2 , y 2 , z 2 ) at a depth D 2 causes an increase in the 
30 refractive index of the glass along the scan path 9 to form an optical waveguide path 

extending in three dimensions between the first and second positions within the sample. 
If planar, i.e., two-dimensional, waveguides are desired, x, may be the same as x 2 , y, 
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may be the same as y 2 or z, may be the same as z 2 . If linear waveguides are desxred, x, 
and y, may be the same as x 2 and y 2 , respectively, y, and z, may be the same as y 2 and 
z 2 , respectively, or x, and z, may be the same as x 2 and z 2 , respectively. 

The laser can be any device capable of generating an appropriate powerful UV 
5 ?,<300-nm laser beam. Examples of useful lasers are described in the examples that 
follow. The UV X < 300 nm laser beam is characterized by several beam parameters. 
In a preferred embodiment an excimer laser is used. The laser used preferably has a 
pulse duration greater than 5 nanoseconds. Excimer lasers are pulsed sources with pulse 
duration between 15 and 60 nsec. The unfocused pulse energy per pulse fluences of the 
0 excimer laser for the application can be in the range of 2 to 100 mJ/cm 2 with this pulse 
fluence increased by focusing of the laser beam. Preferably an excimer laser with a 
wavelength less than 300 nm is utilized such as a KrF or ArF excimer laser. In addition 
to excimer laser sources, the densifying laser can be non-excimer lasers which produce 
below 300 nm wavelength and appropriate intensities. Alternatives to excimer laser 
1 5 sources include solid state lasers, such as Nd YAG and YLF, Ti sapphire based solid 
state lasers. The UV X <300 nm laser beam intensity and profile preferably provides 
by focusing (preferably with a lens) a glass densifying focus with focused intensity > 
10 mJ/cm 2 when measured at a 10 micron beam diameter. Preferably the glass 
densifying focus has an intensity > 50 mJ/cm 2 and most preferably > 100 mJ/cm 2 at a 
20 measured 10 micron beam diameter. An appropriate UV X < 300 nm laser used to 

internally densify the soft silica glass material has a focusable laser beam output with a 
densifying fluence which is focusable to a glass densifying focus with a large 
dimensions of about 10 microns (10 ± 5 microns) and an intensity in the range from 10 
mJ to 150 mJ/cm 2 . Such a X < 300 nm glass densifying focus is utilized to internally 
25 densify write areas in the glass with the bulk glass having an internal transmission at 
the below 300 nm X that is > 70%/cm, preferably > 90%/cm, preferably > 95%/cm and 
most preferably > 98%/cm. Preferably with the invention when germania doped silica 
is the soft silica bulk glass substrate written in with the focus, the focussed deep UV 
laser beam wavelengths are above 220nm, and preferably in the range of about 220nm 
30 to 250nm. Preferably with the invention when germania-free silica is the soft silica 
bulk glass substrate (undoped high purity fused silica or doped with nongermania 
softening dopants) written in with the focus, the focussed deep UV laser beam 
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wavelengths are above 1 80nm, and preferably in the range of about 180nm to 220nm. 
Preferably the glass densifying focus has an intensity which efficiently densities the 
glass but is not so intense that voids are formed in the focus exposed glass. Such a 
densifying focus less than a high intensity micro-channeling avoids physical damage to 
5 the glass and inhibits laser induced break down of the glass such as evidenced by void 
formation. 

While the examples below refer to moving the glass sample with respect to a 
fixed glass densifying focus, the skilled artisan will readily appreciate that alternatively 
the glass densifying laser focus could be moved relative to a fixed sample, or both the 
10 densifying laser focus and sample could be moved simultaneously with respect to a 
fixed reference point to achieve the desired relative translation speed between the 
sample and the pattern forming focus. Preferably translating the focus relative to the 
substrate along a scan path at a scan speed effective to induce an increase in the density 
of the material along the scan path relative to that of the unexposed material while 
15 incurring substantially no laser induced breakdown of the material along the scan path 
includes usingascan speed in the range of about 1 micron to 1 mm per second. 

While the drawings have depicted the glass substrate writable silica material 
samples suitable for use in the present invention as having substantially planar surfaces 
oriented at right angles to one another, the skilled artisan will recognize that the 
20 invention is not limited to such regular solid substrate geometries. Rather, the 

invention can be used to direct-write optical waveguides in virtually any regular-or 
irregular-shaped three-dimensional sample. It is preferred, however, that the sample be 
positioned relative to the incident laser beam such that the beam is substantially 
perpendicular to the surface of the sample through which the incident beam passes. 
25 Preferably the substrate is a three-dimensional shape compared to a thin film layer. 
Preferably the substrate has a thickness that is several times thicker than the path 
thickness, preferably at least hundred times, more preferably at least five hundred times 
and most preferably at least 1,000 times. 

The composition of the substrates in which the light guiding structures may be 
30 written by the invention are silica-based materials, including undoped fused silica and 
doped binary and ternary silica systems. Silica-based materials are preferred in light of 
their various desirable optical properties as well as their widespread use in 
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telecommunication device applications. Binary and ternary silica systems are often 
preferred for use in the present invention. Binary and ternary silica based matenals are 
preferred because of their enhanced sensitivity to densificatton. 

By "silica-based materials", is mean, glass composuions tha, include sihca and 
which are essentially free of alkali, alkaline earth, and transition metal elements, as well 
as other impurities which would cause absorption in the 1300 - 1600 nm range. !f 
present a. all, such impurities „i„ typically no, be found m the sil.ca-based matenals 
used in this invention at levels higher than 10 ppb (parts per b.lhon). 

The present inventors have found, that generally, waveguides can be wntten 
more easily in bulk substrates made from soft silica-based compositions man m hard 
silica-based materials without sacrificing the magnitude of the induced index change. 
Soft silica-based compositions appear to be more sensitive to direct writing of hgh, 
guiding structures using excimer lasers than hard silica-based composition glasses^ 

For the purposes of this disclosure, "soft" silica-based materials are defined as 
doped or undoped silica-based materials having an annealing point less than mat of a 
germania doped glass composition of 5 m„l.% GeO, - 95 mol.% SiO, i.e., an 
preferably the silica-based materials have an annealing point less than about 1380 K. 
The preferred silica-based glasses are undoped and doped binary or ternary sihea-based 
materials having an annealing point less man about 1380«K, more preferably less than 
about 135OTC and most preferably within the range of about 900°K to about 1325 K. 
The annealing point is defined as the temperature a, which the viscosity of the ma.enal 
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poise. ."-v 
Undoped silica-based materials include, for example, commercial grade fused ^ 

silica such as Corning Incorporated HPFS® type high purity fused silica 7980 glass, 
which can have an annealing point in the range of about 1261-K to about 1 323°K. 
Preferably the soft high purity fused silica glass utilized in the invention is a no„-dry 
high purity fused silica with an OH content >50ppm by w... more preferably MOOppm, 
more preferably >200ppm, and most preferably >500ppm. As for the doped systems, j 
the preferred dopants which may be used to soften silica include oxides of the elements 
boron, phosphorous, aluminum, and germanium, such as borate (WW. phosphate 
(P 2 O s ), alumina (A1 2 0 3 ), and germania (GeO,), respectively. Any desrred 
concentration of dopant can be used. 
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In binary boron-doped silica-based systems, the borate content may compnse up 
to 20 wt % or more borate. Preferably the binary glass system is in the composition 
range from 9 wt.% B 2 0 3 -91 wt.% SiG 2 to 20 wt.% B 2 O 3 -80 wt.% SiO, The annealing 
point of the 9 wt.% B 2 0 3 -91 wt.o/o SiG 2 composition is about 1073°K. The annealing 
5 point of the 20 wt.% B 2 O 3 -80 wt.% Si0 2 composition is about 999°K. 

In binary phosphorous-doped silica-based systems, the phosphate content may 
also comprise up to 20 wt.% or more phosphate, with a preferred range of about 7 to 20 
wt % Preferably, the binary glass system is in the composition range from 10 wt.% 
P 2 O 5 -90 wt.% SiQ 2 to 7 wt.% P 2 0 5 -93 wt.% SiQ 2 . The annealing point of the 7 wt.% 
10 P 2 O s -93 wt.% Si0 2 composition is about 123 1°K. 

In binary aluminum-doped silica-based systems, the alumina content comprise 
up to 20 wt.% or more alumina, with a preferred range of about 10 to 20 wt. %. For 
example, the binary glass systems 10 wt.% Al 2 O 3 -90 wt.% SiQ 2 may be used. 

In binary germanium-doped silica-based systems, the germania content may 
15 comprise up to about 22 wt.% or more germania, with a preferred range of about 15 to 
25 wt % Preferably, the binary glass systems are in the composition range from 20 
wt % GeO 2 -80 wt.% Si0 2 to 22 wt.% Ge0 2 -78 wt.% SiG 2 may be used. The annealing 
point of the 20 wt.% GeO 2 -80 wt.% SiG 2 composition is about 1323°K while that of the 
22 wt.% Ge0 2 -78 wt.% SiO, composition is about 131 1°K. An alternative range 
20 contains from 14% to 9% germania. The binary composition range from 9% to 22% 
germania. 

However, in the present invention, while germanium doped glasses can be used, 
it is not necessary to use germanium. Thus, the invention can be used in silica glass 
free of germanium. In a preferred embodiment the soft silica glass is substantially free 
25 ofGe. 

"Hard" silica-based materials are defined as doped or undoped silica-based 
materials having an annealing point higher than that of the 5 mol.% GeG 2 - 95 mol.% 
SiG 2 glass system, i.e., higher than about 1380°K. Examples of hard silica-based 
materials include dry fused silica which has an annealing- point of about 1425°K. -As is 
30 generally known in the artery" fused silica has virtually no residual hydroxyl groups, 
while commercial grade fused silica such as Corning HPFS® silica may have higher 
levels, for example, >200 ppm by wt. hydroxyl groups, and >800 ppm. 
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The silica-based materia* used in this invention are preferably made by a flame 
hydrolysis process. In such a process, silicon-containing gas molecules are reacted ,n a 
flame to form SiO, soo, particles. These particles are deposited on the ho. surface of a 
rotating body .hat consolidate into a very viscous fluid which is later cooled to the 
glassy (solid) state. In the art, g!ass making procedures of this type are known as vapor 
phase hydrolysis/oxidation processes or simply as flame hydrolysts processes. 
However, other known processes can be used. In a preferred practice the silica based 
materials are produced by a single step direct deposition and consolidation process. In 
an alternative the glass is made by deposition andJate^o^i^uon_ 

, s XSTicants have found that exposure ortic^glassesTo excimer laser radtafon 

can induce a density change, termed densifcation, in the glass. Upon treatment wtth 
the laser, the glass is denser with a concomitant higher refractive index. Denstty 
change can be induced through exposure to, for example, 248 nm and 193 nm, exemer 
!aser pulses. The pulse duration can be 5 to 30 nanoseconds, preferably 20-30ns, while 
5 the un-focused pulse energy is at leas, 10-100 mj/cml Tlte densification by a focused 
iaser beam inside the glass substrate body is utilized to write patterns into the glass and 

form waveguiding paths. 

Especially useful silica glasses to be exposed, are those discussed above that 
maintain a high degree of transparency, especially in the deep uv. This is because, for 
>0 excimer exposure, the sample should be substantially transparent at least 70% to 

90%/cm to the excimer laser wavelength. So that one can produce densificaUon deep 
inside the glass. The preferred densification mechanism is a two photon process with 
the two photon absorption rate increasing with decreasing wavelength, the best soft 
silica glasses are those that transmit to the shortest wavelength. 
25 Again, it has been found that the softer the glass, as determined by a lower Tg 

or any other measure of the viscosity versus temperature behavior, such as the 
annealing or softening temperature, the more sensitive the glass is to induced changes 
as manifested by refractive index. 

Polished silica glass substrate bulk samples were exposed to excimer laser 
30 radiation through an aperture, with the experimental arrangement described in D.C. 

Allan C Smith, N.F. Borrelli, and T.P. Seward III, Opt. Lett. 21(24), 1960, (1996) and 
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N.F. Borrelh, C. Smith, D.C. Allan, and T.P. Seward ,11, J- Op, Soc. An,, B, .4, ,606, 

(1997), incorporated by reference herein. 

The laser used for the 193nm and 248 nm exposures was a Lumomcs 600. The 
energy through the aperture was monitored with a Molectron therma. detector. The 
optic!, phase induced by the exposure was measured interferometrtcai.y ustng a ZYGO 
Marx-lV instrument. From the measured optical phase shift the "unc—ed 
densiftcation Ap/p was obtained with the aid of a finite-elemen, mode,. The use of 
unconstrained densiftcation as the metric for the densiftcation process takes „«o 
account the sample geometry and the spatia, aspects of the exposure beam. The n <„re 
of the mode, and its utilization is Mly explained in Allan, e, a,., SHE Vol. 3578, 16 
(,,98) incorporated herein by reference. Briefly, the finite Cement mode, accounts for 

and allows for integrating the photoe.astic response of the exposed and unexposed 
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The glasses in Table 1 were exposed to 193-nm excimer laser to mduce 
densification. In Table 1, there is shown the unconstrained densificaUon for an 
ensure of 10m W for 1 0* pulses with a pulse duration of 30ns. The value of the 
induced refractive index is obtained by multiplying the densification by roughly 0.4. 

Table 1 

Comparison of unconstrained compaction for 193nm excimer exposure, 

0 3 MW/cm 2 , Impulses 
Ap/p(10" 6 ) 
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78%Si0^22%^3e02 
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The actual development of the densiftcation as a function of exposure is shown 
in FIG 4 for the three samples. In FIG. 4 the x-axis is Dose and the y-ax,s 
densification. The progression of increased refractive index change from undoped 
silica to silica-gemtanta to silica-boron for the excimer laser-induced re ractrve ■ ^ 
change strongly suggests the softness of the glass as a key parameter ,n the amount of 
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index change that can be obtained. The germania glass is considerably softer than the 
undoped silica, while the boron glass is considerably softer than the germania glass. 

The difference in viscosity at any temperature between silica and silica 
germania can be estimated by the expression, 

Log^Si-Ge-LogCsi = "0- 5A 

Here, C is the viscosity, and A is An/n expressed as a percent. For 20% GeG 2 , A 
is 1% so the silica-germania glass is considerably softer than silica. For boron the 
10 effect is even more dramatic. A composition of 10mol% B 2 0 3 /Si0 2 has a softening 

point about 300 degrees less than silica. Other binary systems that would lead to softer 
glasses include the oxides of phosphorous and aluminum. For example, P 2 0 5 /Si0 2 , 
again at 10 mol% P 2 0 5 would have a lower softening temperature by 500 degrees. 

Preferably to produce densification and maximum refractive index change by 
15 deep UV X < 300 nm lasers, the glass preferably should include a softening component, 
such as boron. The magnitude of the change is in proportion to the effect of the doped 
component on softening point. The invention preferably includes softening a sihca 

glass with softening dopants. 

By proper choice of the exposure wavelength, the glass and the waveguide 
20 fabrication method, one can maximize the densification contribution to the induced 
refractive index, and provide a thermally stable waveguide structure. 

The densification rate in silica glass obtained by using a 193nm excimer laser, 
instead of 248 nm, has been found to be much faster, perhaps by a factor of 5-10. For 
example, one could achieve an index change of 10^ at 193nm with 330mJ/cm- pulses 

25 at 1 00Hz in only 1 6 minutes. 

Direct measurements of the densification rates for silica and binary silica 
systems doped with GeG 2 , B 2 G 3 , and P 2 O s was made. The measurement method 
included an interferometric determination of the optical phase shift produced by a 
controlled exposure to excimer radiation at 248 nm and 193 nm radiation, respectively. 

30 The measurements were done on bulk glass substrate samples of the compositions in 

Table 2 The samples were formed by flame deposition of soot to form a soot preform 
body which was then consolidated in a bulk glass body. The crucial feature of this 
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analysis is .he use of a finite-element model mat permits the extraction of the physrcally 
B^U "unconstrained" densifcation term Ap/p. The physical process of *<300 
nm UV laser light-induced densification resides in this term. The glass densifica«on 
finite-element model provides for computation of the actual refractive index change 
induced in the glass with densification. 

It has been found convenient to express the behavior of the unconstrained 
densification as a function of laser exposure in the following power-law form. 
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Ap 

—!— = a 



( F 2 N 



The term in the brackets, the product of the peak fluence squared and the 
number of pulses divided by the effective pulse duration is derived from the observed 
reciprocity of the densification to this product. See Allan et al., SPIE 3578, 16 (1998), 
incorporated herein by reference in its entirety. The data for each sample were fit to 
this form and the results are listed below in Table 2. The overall quality of the fit is 
largely unaffected by this particular choice. What is clear from the data is that the 
densification is quite different as a function of composition. Again, there is found a 
strong correlation with the relative "softness" of the glass as measured, for example, by 
the anneal point. 

In the case of the undoped silica the 248 nm-induced densification was lOx 
smaller than that induced at 193 nm. In the GeG 2 sample, it was 40x smaller. So, in 
addition to the composition dependence of the densification there is also strong laser 

wavelength dependence. 

For this experiment, an exposure of 1 50 mJ/cm 2 for 10 5 of 30 ns pulses were 
used. This is a dose of 75 (mJ/cm 2 ) 2 (pulses/10 6 )/ns. The resulting refractive index 
changes as a result of 193 nm exposure for the glasses are given in Table 2. 
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Table 2 

Comparison of 193 nm Laser-Induced Densification as a Function of Composition. 
SampTd^aL Composition Preface Anneal Poin, An 

%wt. 



10 



15 



20 



25 



A Si0 2 (dry) 

B 7P 2 0 5 -93Si0 2 

C 20GeO 2 -80SiO 2 

D 9B 2 0 3 -91Si0 2 

E 20B 2 O3-80SiO 2 



0.27 

2.33 

45 

23 

157 



K_ 

1423 
1231 
1323 
1073 
999 



0.02 
1.4 
0.7 
4.7 
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This provides that the rate of ^< 300 nm UV laser induced densification ,s a 
strong function of composition in the binary metal oxide-silica system. The pulsed 
excimer laser-induced densification rate is shown to increase with metal oxide content. 
A good correlation was found between the densification rate and the relative "softness 
of the glass as indicated by the anneal temperature. The densification rate for all the 
glasses is also found to be a strong function of the excimer laser wavelength m the 

order 193nm>248nm. . 

The glasses below were obtarned by flame hydrolysis. Coming HPFS stars 
deposited directly from name and concurrent* consolidated with an Si0 2 direct soot 
one step deposition/consolidation. In FIG. 4-6 HPFS® high purity fused silica . 
denoted by HPFS. The other glasses were prepared by a soot depos.uon then a 
subsequent consolidation into a glass body. In this process a porous soot blank ,s 
formed from the flame hydrolysis of a metal precursor. The porous soot blank ,s then 
consolidated in a drying atmosphere. Formation of undoped fltsed silica b, MM. two 
step process results in a much lower residua, OH concentration than HPFS sthca. The 
lower OH content influences both the optica, transmittance below 170-nm as well as 
the anneal point of the undoped fused silica. 

The binary glasses were also prepared by the two-step process where precursors 
for the various metals (B, P, Oe) were hydrolyzed along with the silica precursor to 
form a doped porous soot blank which was then consolidated. Vacuum UV 
transmittance spectra of the various silica-based glasses are shown in FIG. 5. 

Unconstrained densification of the 193 nm exposed glasses is plotted agams. the 
dose (F 2 N/r), in FIG. 6. F is the fluence per pulse in mW, N is the number of 
pulses in millions, and ris the integral sauare pulse duration of the laser in nsec. Thrs 



d ef,ni,ion of dose is obtained from ,he observed reciproci«y Che de„sifica,ion 

P r + ^ T^hle 1 With the exception of 

densifkation. The values of the prefactor a are hsted m Table 3. With P 
T e—doped glass, 1. is noted that the rate of delation correlates w,,h the 
••soLss" of the glass. That is, the tower the viscosity of the glass a, a g ,ve» 
.emperature.thefaster.hemteof^SOOr^laser-induceddens.flcatton.The 

property The measured anneal points of the glasses are found m Table The 
a o" ship between the laser-indueed de„sifica,ion and the "softness" of *e g,a.s ,s 

I wn in F.G. 7 where there is plotted ,„«,) vs. the reciprocal of the annea, porn . 

orfiLion is represented by the value of the prefactor a in the equation w,.h 

* The straigl, U„e ft, suggests an activated process for the densifrcafon where 

, structure rearrangemen, to give a more dense structure is no, clear, however ,h,s 
establishes that tee is a kinetic factor in the de„sifica,i=n mechanrsn, 

ft is believed tha, the germanium-doped silica dentation behavor rs 
signiflcantly different from the other binary glasses discussed above. For the 248-nm 
Z J- excimer laser exposure, the densif.ca.ion process is believed to be a two- 

0 rh.lnitiatedmechanismsincethesihcaandborondoP.dandphosph^^ 

materials exhrbi, !o„ absorption a, these wavelengths. The 

aensifies faster man would be predicted based solely on annea, 

spectrum FIG. 5 i, is also clear tha, the absorption of ,h, glass C (20/. GeO, s.hca 

a, .93-nm is higher man the other binaries studied, suggesting that under 193- 
25 r Ldia,ion,meabsorp,io„processis,mea, The observed ano— £ 

unification cou,d ,hen be explained by more efficient couphng of hgh, nto the grass 
with the conseo.uer.ee of increased excitation events ma, eventually lead to 

30 strong function of composition. For materia, wi,h high omittance a. .9 -nm 

( >70%), good correlation is found with the softness of the glass as represented by the 
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anneal point. This 
family. 



is correlation was found to be true even within a given composition 



Table 3 

Anneal temperatures and prefactors for glasses used. 



Prefactor/fit 
(R A 2) b = 0.53 




10 



Table 4 

a / ->A« i<n and 157-nm. For 248 and 193 -nm, 
NF/f. 



Wavelength 


Dose 


248 ] 


— 20000 


193 


4000 
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As discussed above, one major effect of prolonged deep UV irradiation of fused 
silica is densification. This dcnsiflcation produces a corresponding refracve mdex 
change The induced refractive index change can fo, example be 0.000!, and has been 
found as high as 0.001 . This densification-induced refractive index can be used to 
write patterns and to make, for example, Bragg gratings and waveguide scan pafhs. 
Applicants prefer to use below 300 nm UV light such as 193nm radiation to ufhze the 
densification contribution relative to that originating from induced absorptton. 

Applicants prefer to use the photosensitive densification by deep UV irradtatton 
(laser X < 300 nm) of soft transparent silica glass materials (anneal point < 1350°, 
transmission^"/.) to produce light guiding structures and internal patterns. The 
requirement is tha, the si.ica glass material is essentiaUy transparent a. the excitatron 
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wavelength to insure that the index-altered region can be considered 3-D addressable 
deep within the glass substrate bulk body. A representative scheme for the exposure is 
shown in FIG. 1-3 and 8 with optical waveguide densified tunnel devices produced 
such as in FIG. 9. The waveguiding refractive index change is attributed to 
densification. In the case of the silica-germania system, it is important to prepare the 
samples with no oxygen defect that would absorb at the excitation wavelength. 

Preferably the exposure system of the invention has sufficiently high numerical 
aperture, roughly (D/2)/f in FIG. 8, to keep the densification localized to a small 
enough diameter, d. This latter number should be the order of about lOum (± 5 urn). 
In addition the exposure levels should be in the range of >100mJ/cm 2 for the order of 
10 6 pulses. This provides beneficial densification and induces measurable index 
changes. 

In an embodiment of the invention a single mode waveguide can be written 
inside a bulk silica glass substrate. A single mode waveguide with a 5 micron radius at 
a wavelength of 633 nm can be written with a refractive index difference of 0.001. An 
appropriate densification and induced refractive index change of boron doped soft srhca 
glass Sample D of Table 3 can be induced by a dose of 7500 [(mJ/cm 2 (M pulses/s)]. A 
1 mJ output of a 193 nm excimer laser through a circular 5 mm aperture can be focused 
by a 200 mm lens to a 10 micron large dimension diameter and provide such a dose 
with 220,000 pulses. At a 220 Hz repetition rate the exposure would be for about 1000 
seconds. With such a dose delivered in a distance corresponding to the confocal 
distance of the lens (about 1000 microns) the glass substrate sample would be 
translated on the order of one micron/second to form the scan path. 
Optical devices of the invention are shown in FIG. 9. A wide variety of optical devices 
in bulk glass can be made using the presently described materials and methods, for 
example, an Y-coupler device as shown in FIG. 9(d). The present invention can also be 
used to make a star coupler having central guide 22 surrounded by a plurality of 
peripheral guides 23, as shown in FIG. 9(a). The invention can also be used to make a 
passive Mach-Zehnder coupler including a pair of Mach-Zehnder guides 26, as shown 
in FIG. 9(b). An active Mach-Zehnder coupler including Mach-Zehnder guides 26 and 
a thermal (electrically heated) or other type activator 24, as shown in FIG. 9(c), is 
preferably made using this invention. The present invention can also be used to make 
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Bragg or other types of diffraction, gratings in bulk glass, as shown in FIG. m 
Waveguide 16 leads to grattng lines 25. FIG. 9(e) shows an optical devrce produced by 
th e inventive method with the glass body having a firs, exterior side and a second 

5 i„ a second plane, said second plane non-paralle, to said firs, plane, wherem a 
waveguiding core tunnels from an input a, the firs, exterior side to an output at the 
second exterior side. The devices of F.G. 9 are produced with the inventtve 
densification method with glass body having a planar exterior base side, wheretn 

,. FIG 9 are produced with the inventive densification method by forming a first ratsed 
refractive index wavegutding core tunnel path, a second raised refractive mdex 
waveguiding core tunnel path, and a third raised refractive index wavegutdmg core 
tunnel pant, wherein the third tunnel path is in a plane separate from the firs, tunnel 
path and the second mnnel pa,h. Making of the FIG. 9 devices includes formtng a firs, 
,5 raised refracive index waveguiding core tunne, path and an adjacent secon rarsed 
refractive index waveguiding core tunnel pa* wherein guide, light — from 
said firs, core ,u„nel pafh ,o said second core tunne, path. Makrng of <he FIG. 9 
includes forming a wavelength division multiplexer for multiplexing a plurahty of 
optica! wavelength channels by forming a plurality of waveguiding core tunnel tnputs 
20 for separate* inputting the plurality of optical wavelength channels, formmg a 

multiplexing coupling region for multiplexing the inputted channels, and formmg an 
output waveguiding core tunne! for ou.putting me multiplexed inputted channels. 
Line spacings of 0.5 urn are possible using this invention. 

I, wiH be understood that me above described preferred embodiments of the 
25 present invention are susceptible to various modifications, changes, and adaptions, 
and the same are intended to be comprehended within the meaning and range of 
equivalents. 

Further, although a number of equivalent components may have been 
mentioned herein which could be used in place of the components illustrated and 
30 described with reference to the preferred embodiments, this is no, mean, to be an 

exhaustive treatment of al, me possible equivalent no, ,o limi, ,he invention defined 
by the claims ,o any particular equivalen, or combination .hereof. A person stalled ,n 



20 



the ar, would realize .ha, there may be Cher equivalent components presently known, 
or ,o be developed, which eould be used within the spirit and scope of the invenfon. 



